Transgenic Nitcotiana benthamiana expressing the sense NSs gene sequence from Tomato spotted wilt virus (TSWV) was further transformed with the sense or antisense NSs gene sequence. Three sense and 10 antisense lines with two transformations (hereafter referred to as "double-transformed lines") that were expected to contain only the sense and both sense and antisense NSs gene sequences, respectively, were examined for homology-dependent virus resistance using the unrelated virus, Potato virus X containing the NSs gene sequence. As a result, it was shown that two antisense double-transformed lines contained plants that were symptom-free. Furthermore, both lines accumulated a small-interfering RNA. These results suggest that RNA silencing was operating in both lines. However, the lines exhibited little or no resistance to TSWV.
Introduction
The first description of virus resistance using virus genes or sequences involved the transgenic tobacco plants transformed with the coat protein (CP) gene of Tobacco mosaic virus (Powell-Abel et al. 1986 ). Since then numerous attempts to confer virus resistance to plants have been reported. The resistance is generally manifested at either the protein or the RNA level. The latter type of resistance occurs through degradation of RNA viruses homologous to the sequence used for plant transformation and RNA silencing, namely an evolutionally conserved homology-dependent RNA degradation mechanism, has been shown to be operating as a degradation mechanism (Baulcombe 1999) . In higher plants, RNA silencing functions as a natural antiviral defense mechanism (Baulcombe 1999 , Voinnet 2001 . It has been shown that RNA silencing is induced by highly transcribed sense transgenes (Vaucheret et al. 1997) or by antisense transgenes producing double-stranded RNA (dsRNA) (Stam et al. 1998 , Waterhouse et al. 1998 . Sense transgenes are assumed to produce dsRNA through steps involving AGO1, SGS2/SDE1 (RNA-dependent RNA polymerase, RdRP), SGS3 and SDE3 proteins (Beclin et al. 2002) . The dsRNA is processed into a small-interfering RNA (siRNA) with 21-25 nucleotides, that plays a role in the cleavage of homologous single-stranded viral RNA by the RNAinduced silencing complex (RISC).
Virus-induced RNA silencing in higher plants takes place if there is sequence homology between the virus and either a transgene or an endogenous nuclear gene (Kumagai et al. 1995 , Lindbo et al. 1993 . Virus-induced RNA silencing can be entirely independent of homologous sequences in the plant genome (Ratcliff et al. 1999) . Some cross-protection phenomena observed between homologous or heterologous viruses with sequence homology have also been linked to RNA silencing (RNA-mediated crossprotection) (Al-Kaff et al. 1998 , Covey et al. 1997 , Ratcliff et al. 1997 , 1999 , Sonoda 2003 . In virus-induced RNA silencing, particular genes required for transgene-mediated RNA silencing, e.g., SGS2/SDE1, are not essential, because the virus-encoded RdRP produces dsRNA as an intermediate in the replication cycles (Dalmay et al. 2000) . Thus, it has been suggested that there are different branches in the RNA silencing pathway.
Tomato spotted wilt virus (TSWV), a member of the Bunyaviridae, infects a wide range of plant species worldwide and causes severe chlorosis, necrosis and malformation of the leaves (German et al. 1992) . The genome of TSWV consists of three species of negative or ambisense singlestranded RNA, denoted by S, M and L. The S RNA encodes nucleocapsid protein (N) and non-structural protein (NSs) genes (de Haan et al. 1990) . The N protein is involved in the wrapping of the viral RNA to yield nucleocapsides. Although the function of the NSs protein was poorly understood, recently this protein has been found to function as a suppressor of RNA silencing (Takeda et al. 2002 , Bucher et al. 2003 .
Resistance to TSWV was first reported by Gielen et al. (1991) and MacKenzie and Ellis (1992) in plants transformed with the N gene of TSWV. Since there was no correlation between the amount of N and the level of resistance, de Haan et al. (1992) suggested that the resistance was Communicated by M. OmuraRNA-mediated. The NSm gene of TSWV was also shown to confer RNA-mediated resistance to TSWV to plants (Prins et al. 1996) . By contrast, it was shown that most part of the TSWV genome, other than the N and NSm genes, was not capable of conferring RNA-mediated resistance to TSWV (Prins et al. 1996) . However, it remained to be determined whether RNA silencing was operating in the transgenic plants.
In the previous study, Sonoda (2003) reported that transgenic plants in which the N transgene expression was suppressed by RNA silencing exhibited a high resistance to TSWV (transgene-mediated RNA silencing). Sonoda (2003) also showed that infection with Potato virus X (PVX) engineered to contain the N gene caused RNA-mediated suppression of the N transgene mRNA in non-silenced transgenic plants (virus-induced RNA silencing). Furthermore, non-transgenic plants infected with PVX containing the N gene were found to be resistant to TSWV (RNA-mediated cross-protection). Similarly, it was shown that virus-induced RNA silencing of the NSs transgene mRNA in non-silenced transgenic plants was caused by the presence of NSs gene sequences in PVX (Sonoda and Tsumuki 2004a) . When plants transformed with GUS-deleted pBI121 (∆GUS-Nb) were infected with PVX containing the NSs gene sequences, a partial resistance to TSWV was observed (Sonoda and Tsumuki 2004a) . However, the degree of the resistance was apparently lower than that conferred by PVX containing the N gene (Sonoda and Tsumuki 2004a) . To further examine the efficacy of the NSs gene sequences in TSWV protection, in the present study, we established transgenic Nicotiana benthamiana lines, in which the TSWV NSs transgene expression was spontaneously suppressed by RNA silencing, and examined the resistance to TSWV.
Materials and Methods

Virus and plasmid
TSWV was provided by S. Tsuda (National Agricultural Research Center, Tsukuba, Japan). TSWV was propagated in Datura stramonium using the western flower thrips, Frankliniella occidentalis. The PVX vector (pP2C2S), a derivative of pCG3 (Chapman et al. 1992) , was provided by D. C. Baulcombe (The Sainsbury Laboratory, Norwich, UK). The PVX vector, hereafter referred to as PVX, was propagated in N. benthamiana. The binary plasmid, pBI333.2 (see below), was provided by H. Kamada (Tsukuba University, Tsukuba, Japan).
Plasmid construction
Total RNA extraction and first strand cDNA synthesis were described previously (Sonoda 2003) . The NSs gene sequence corresponding to the 3′ terminal 219 bp was amplified from the first strand cDNA by PCR using the forward primer, 5′-CAGTGAAGATATCTGCAAAAGG-3′, and the reverse primer, 5′-GGGAGCTCTTATTTTGATCCTGAAG CATG-3′. The PCR-amplified fragment was cloned into the vector pGEM-T Easy (Promega, Madison, WI, USA) (pGEM.NSs3′-219) (Fig. 1) . The EcoRV-SalI fragment of pGEM.NSs3′-219 was cloned into the vector pBS.NSs-2 (Sonoda and Tsumuki 2004a) ( Fig. 1) after the EcoRV-SalI fragment had been removed (pBS.NSs-full). pBS.NSs-full contained the entire NSs gene (Fig. 1) .
The sense NSs gene sequence used for further transformation was obtained from pBS.NSs-full by PCR using the forward primer, 5′-GGTCTAGAGCTCCACTCTATTGGA TCTAC-3′, and the reverse primer, 5′-GGGAGCTCTTATT TTGATCCTGAAGCATG-3′. The forward and reverse primers were designed to contain XbaI and SacI restriction sites, respectively (underlined). The antisense NSs gene sequence was generated using the forward primer, 5′GG GAGCTCGCTCCACTCTATTGGATCTAC-3′, and the reverse primer, 5′-GGTCTAGATTATTTTGATCCTGAAGC ATG-3′. The forward and reverse primers were designed to contain SacII and XbaI restriction sites, respectively (underlined). The PCR-amplified fragments were cloned into the vector pGEM-T Easy (Promega) (pGEM.NSs-S and pGEM.NSs-AS) (Fig. 1) . The XbaI-SacI fragments of pGEM.NSs-S and pGEM.NSs-AS were ligated into the XbaI and SacI sites of the binary plasmid, pBI333.2, after the GUS gene had been deleted (pBI.NSs-S and pBI.NSs-AS). pBI333.2 is the T-DNA-derived plant transformation vector (Kamada, unpublished). pBI333.2 harbors two chimeric genes between the T-DNA borders. The first is used as a selection marker and consisted of the hygromycin phosphotransferase coding sequence under the control of the nopaline synthase promoter and the Cauliflower mosaic virus (CaMV) 35S terminator sequences. The second is the GUS gene under the control of the CaMV 35S promoter and the nopaline synthase terminator sequences.
Plant transformation
T 2 plants of the transgenic N. benthamiana line NSs2 expressing the truncated fragment of the NSs gene in a sense orientation (Sonoda and Tsumuki 2004a) were used for further transformation with the NSs gene sequence. Line NSs2 expresses the NSs gene lacking the 3′ terminal 219 bp and never exhibits spontaneous RNA silencing (Sonoda and Tsumuki 2004a) . The NSs transgene sequence in line NSs2 corresponds to the insert of pBS.NSs-2 shown in Figure 1 . Line NSs2 was transformed with pBI.NSs-S or pBI.NSs-AS using Agrobacterium tumefaciens LBA4404 (Clontech, Palo Alto, CA, USA) (Horsch et al. 1985) . Calli were obtained and shoots were produced on Murashige-Skoog (MS)-based medium supplemented with benzyladenine (1.0 µg/ml), α-naphthalene acetic acid (0.1 µg/ml), kanamycin (50 µg/ml), claforan (100 µg/ml) and hygromycin (10 µg/ml). The shoots were subsequently rooted on a hormone-free medium containing kanamycin (50 µg/ml) and hygromycin (10 µg/ml) in a growth chamber at 25°C under a 16/8-h (light/dark) photoperiod. Rooted plants were transferred to soil and grown in the greenhouse.
Presence of the NSs transgene sequences used for further transformation was examined by PCR. Genomic DNA was extracted from the leaf tissues of the transgenic plants according to the method of Sonoda et al. (1999) . The genomic DNA (1 µg) was subjected to PCR using the primer sets specified above and the amplified products were analyzed by agarose gel electrophoresis.
Virus inoculation
Seedlings (about 4 to 5 weeks old) of the T 1 plants selected in the presence of kanamycin and hygromycin were mechanically inoculated to evaluate the resistance to viral infection.
In vitro transcription reactions to produce infectious PVX were described previously (Sonoda 2003) . Leaves systemically infected with PVX derivatives were ground at a 1 : 10 (w/v) dilution in 100 mM phosphate buffer (pH 7.0) and stored at −80°C until use. Inoculated plants were monitored for the appearance of symptoms for 2 weeks. Plants showing symptoms typical of PVX (vein clearing followed by chlorotic mosaic on the upper leaves) were considered to be infected for the counts.
The 1 : 10 (w/v) diluted leaf homogenates of TSWVinfected N. benthamiana in 100 mM phosphate buffer (pH 7.0) were prepared immediately before virus inoculation. Inoculated plants were monitored for the appearance of symptoms for 2 weeks. TSWV symptoms (vein clearing and severe mottling followed by necrosis on the upper leaves) were visually observed and the presence of TSWV was confirmed by ELISA analysis (Clark and Adams 1977) using a TSWV monoclonal antibody (Japan Plant Protection Association, Ushiku, Japan). The reaction was recorded as positive when the A 405 value was two-fold higher than that of the negative control.
RNA gel blot analysis
Total RNA was extracted from the leaf tissues of 3-5 plants, as described by Sonoda et al. (1999) . Poly A + mRNA was purified from the total RNA using an Oligotex-dT30 mRNA purification kit (Takara, Ohtsu, Japan). Poly A + mRNA was size-fractionated on a 1.2% agarose gel containing 0.66 M formaldehyde and transferred to a Biodyne PLUS membrane (Pall Corporation, Ann Arbor, MI, USA). The blot was hybridized with a random primed 32 P-labeled fragment of pBS.NSs-2 (Fig. 1) .
RNA gel blot analysis of 21-to 25-nucleotide RNA was performed essentially as described by Hamilton and Baulcombe (1999) . Sense-specific RNA probe was generated from pBS.NSs-3 containing the 5′ portion of the NSs gene with 495 bp (Sonoda and Tsumuki 2004a) (Fig. 1) . pBS.NSs-3 was digested with HindIII and then self-ligated. The resulting clone, pBS.NSs-3-AS, containing the insert of pBS.NSs-3 in an antisense orientation was used for the generation of an antisense RNA probe (Fig. 1) . In vitro RNA transcription was carried out in the presence of [α-32 P]UTP using pBS.NSs-3 and pBS.NSs-3-AS linearized with EcoRI.
Results
Regeneration of double-transformed lines with the NSs gene sequences
To obtain transgenic N. benthamiana lines in which the NSs transgene expression is silenced, transgenic line NSs2 was further transformed with the NSs gene sequence. As a result, five sense and 10 antisense double-transformed lines were regenerated in the presence of kanamycin and hygromycin. The morphology of all of them appeared to be normal. Each line was selfed and the resulting T 1 progeny was tested for hygromycin resistance. Two sense doubletransformed lines susceptible to hygromycin were not analyzed further.
PCR amplification of the NSs transgene sequences used for further transformation showed that partial or entire NSs transgene sequences were deleted from two antisense double-transformed lines, because no PCR products were amplified (data not shown). In the remaining doubletransformed lines, including lines NSs2/AS2 and NSs2/AS8 (see below), PCR products with an expected size were amplified, suggesting that the entire NSs transgene sequences used for further transformation were integrated in the genome (data not shown).
Response of double-transformed lines to PVX containing the NSs gene sequence
T 1 plants of 3 sense and 10 antisense double-transformed lines were mechanically inoculated with PVX containing the 3′ portion of the NSs gene with 452 bp (PVX.NSs-3′) (Sonoda and Tsumuki 2004a) (Fig. 1) . Plants in which the transgene expression was suppressed by RNA silencing were considered to be symptom-free in the inoculation of the unrelated virus, PVX, engineered to contain sequences homologous to the transgene sequences. However, the inserted sequences in the PVX vector were sometimes deleted because of homologous recombination among the duplicated CP promoters in the recombinant PVX RNA (Chapman et al. 1992) . Therefore, in this system, some of the silenced plants can be considered to be susceptible by infection with the reversion mutants.
When plants of lines NSs2/AS2 and NSs2/AS8 were inoculated with PVX.NSs-3′, a considerable proportion of the plants was symptom-free (Table 1 ). In the remaining 11 double-transformed lines, all the plants examined were infected with PVX.NSs-3′ (data not shown). All the resistant and susceptible double-transformed lines displayed PVX symptoms when they were inoculated with PVX (data not shown). Thus, we selected lines NSs2/AS2 and NSs2/AS8 as candidates for silenced lines.
Accumulation of the NSs transgene mRNA and siRNA in double-transformed lines
The accumulation of the NSs transgene mRNA in T 1 plants of lines NSs2/AS2 and NSs2/AS8 was determined by RNA gel blot analysis using a probe specific for the NSs gene sequence. Two distinct transcripts were observed not only in lines NSs2/AS2 and NSs2/AS8 but also in the control line NSs2, suggesting that these transcripts were derived from the preexisting sense NSs transgene. The transcript that was assumed to be derived from the additional antisense NSs transgene was not detected in lines NSs2/AS2 and NSs2/AS8 in our system. However, it appears that lines NSs2/AS2 and NSs2/AS8 accumulated a reduced amount of NSs transgene mRNA (Fig. 2) . The small RNA fraction was extracted from the total RNA of lines NSs2/AS2 and NSs2/AS8 and analyzed by RNA gel blot analysis using a sense or antisense RNA probe specific for the NSs gene sequence. Transgene-derived small RNA was detected by the antisense RNA probe in lines NSs2/AS2 and NSs2/AS8, but not in the control lines NSs2 and ∆GUS-Nb (Fig. 2) . Similar results were obtained using the sense RNA probe (data not shown).
Response to TSWV of double-transformed lines, showing resistance to PVX containing the NSs gene sequence T 1 plants of lines NSs2/AS2 and NSs2/AS8 were mechanically inoculated with TSWV. The resistance of lines NSs2/AS2 and NSs2/AS8 to TSWV was evaluated by comparing the number of infected plants with that in the control lines NSs2 and ∆GUS-Nb. The number of infected plants in line NSs2/AS8 was similar to that in the control lines NSs2 and ∆GUS-Nb (Table 1) . Similarly, a very low resistance to TSWV infection was observed in line NSs2/AS2 (Table 1) . Infected plants showed typical TSWV symptoms and no recovery was observed (data not shown). The presence or absence of TSWV was confirmed by ELISA (data not shown). The values represent the number of infected plants over the total number tested for virus resistance. 1) Plant sap (diluted 10-fold) from N. benthamiana plants infected with PVX.NSs-3′ or TSWV was used. Data were taken 14 days after inoculation. 2) Two independent experiments were conducted to evaluate the resistance of the lines NSs2/AS2 and NSs2/AS8 to TSWV.
3) The control line, ∆GUS-Nb, corresponded to the N. benthamiana plants containing the binary plasmid pBI121 (Clontech) in which the GUS gene had been deleted.
Discussion
When the N. benthamiana plants were transformed with the N gene, six out of 17 transgenic lines regenerated displayed a RNA-mediated resistance to TSWV and PVX containing the N gene (Sonoda 2003) . In the previous study, we transformed N. benthamiana with the NSs gene sequence and 10 transgenic lines were obtained (Sonoda and Tsumuki 2004a) . The 10 transgenic lines were preliminary inoculated with TSWV or PVX containing the NSs gene sequences. However, the transgenic lines did not show a significant resistance to both viruses (data not shown), suggesting the absence of silenced lines. RNA silencing has been shown to be induced by highly transcribed sense transgenes (Vaucheret et al. 1997) or by antisense transgenes producing dsRNA (Stam et al. 1998 , Waterhouse et al. 1998 . In the present study, we transformed transgenic N. benthamiana expressing the NSs gene sequence (line NSs2) with an additional NSs gene sequence. The lines obtained were inoculated with the unrelated virus, PVX, containing the NSs gene sequence (PVX.NSs-3′), to examine the homology-dependent virus resistance. As a result, two double-transformed lines (lines NSs2/AS2 and NSs2/AS8) were found to contain plants that did not exhibit PVX symptoms (Table 1) . Both lines contained multiple NSs transgene sequences and accumulated a relatively low amount of steady-state transgene mRNA (Fig. 2, data not shown) . Furthermore, siRNA, as a hallmark of RNA silencing (Hamilton and Baulcombe 1999) , was detected in both lines (Fig. 2) . These results suggest that RNA silencing operated in both lines. Prins et al. (1996) reported that most part of the TSWV genome, including the NSs gene, was not capable of conferring transgenic resistance to TSWV infection. However, it remained to be determined whether RNA silencing was operating in the transgenic plants. Inoculation of the silenced double-transformed lines (lines NSs2/AS2 and NSs2/AS8) with TSWV resulted in a high proportion of plants that were susceptible to TSWV infection (Table 1) . The susceptibility was similar to that observed in the control plants (Table 1) . Similarly, when ∆GUS-Nb was simultaneously inoculated with TSWV and PVX containing the NSs gene sequences, a high proportion of the plants was eventually infected with TSWV (Sonoda and Tsumuki 2004a) . By contrast, transgenic N. benthamiana in which the N transgene expression was silenced showed high levels of resistance to TSWV (Sonoda 2003) . Furthermore, simultaneous inoculation of non-transgenic N. benthamiana with TSWV and PVX containing the N gene sequences led to a degradation of TSWV RNA and TSWV was not detected in the upper leaves (Sonoda 2003) . These results suggest that NSs gene-mediated RNA silencing is not as effective as the N gene-mediated one for TSWV protection.
No data are available to explain the low effectiveness of the NSs gene-mediated RNA silencing presently. The sense and antisense NSs transgene sequences, with a length of ca. 1.2 kb and 1.0 kb, respectively, in the silenced doubletransformed lines were engineered to form a double-stranded RNA region of ca. 0.8 kb by the transcripts (Fig. 1) . Since the minimum size requirement to confer TSWV resistance to plants was estimated to be less than 96 bp in the case of the N gene (Jan et al. 2000, Sonoda and Tsumuki 2004b) , it is not reasonable to attribute the less effective protection of the NSs gene-mediated RNA silencing against TSWV to the level of sequence homology. Since the TSWV NSs was found to be an RNA silencing suppressor (Takeda et al. 2002 , Bucher et al. 2003 , the possibility that the RNA silencing suppressor activity could be involved in the ineffective protection cannot be ruled out. However, virus resistance of transgenic plants expressing an RNA silencing suppressor was reported in N. benthamiana transformed with the helper component proteinase gene of Potato virus A (Savenkov and Volkonen 2002) . The other hypotheses are as follows: (1) The NSs gene might be less essential for viral transcription and/ or the replication process compared to the structural genes such as the N gene. (2) The NSs gene might be protected by replication or translation complexes, virions or other virus-infection specific structures in the cytoplasm. (3) The degree of RNA silencing induced by the NSs gene sequences might be lower than that induced by the N gene.
Numerous viral genes and sequences have been successfully used as the source of RNA-mediated virus resistance in transgenic plants (Baulcombe 1999) . The N gene has been extensively used for TSWV protection (Gielen et al. 1991 , MacKenzie and Ellis 1992 , de Haan et al. 1992 . The NSm gene was also found to be effective for conferring RNA-mediated virus resistance (Prins et al. 1996) to plants. and small RNA fraction (30 µg) samples were subjected to RNA gel blot analysis. A 32 P-α-dCTP-labeled NSs gene specific probe generated by random priming was used as the probe for mRNA gel blot analysis, while 32 P-α-UTP-labeled in vitro transcripts corresponding to the antisense strand of NSs gene specific probe were used in RNA gel blot analysis of siRNA. The photograph of the ethidium bromide-stained RNA gel before transfer is shown as the loading control.
However, in the present study, we showed that RNA silencing induced by the NSs transgene was capable of conferring a limited virus resistance to TSWV to plants. These results suggest that RNA-mediated virus resistance is strongly affected by the viral genes and sequences employed. Careful examination of the viral genes and sequences to be targeted is apparently significant for developing RNA-mediated virus resistant plants.
